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E-mail address: marcosbj@hotmail.com (M.B.J.G. FThe measurement of electrochemical impedance spectroscopy used in situ is a suitable technique for the
characterization of oil and water-in-oil emulsions. Nyquist diagrams for dehydrated oils are character-
ized by the formation of one semi-circle. The equivalent circuit proposed for the dehydrated oil is a resis-
tance and capacitor (ROCO) in parallel. The resistance and conductivity of the oil calculated by impedance
were 2.96 Gohm and 486 nS m1, respectively. Nyquist diagrams for the system composed of water
emulsions in oil are mainly characterized by two semi-circles with different relaxation for oil and
water-in-oil emulsions. The equivalent circuit is formed by RO and CPEO in parallel and in series with
the arrangement of RW/O and CPEW/O in parallel, where RO and CPEO represents the oil, and RW/O and
CPEW/O represents water-in-oil emulsions. The resistance of oil (RO) and water-in-oil (RW/O) emulsions
increase with the increasing amount of water in the preparation. The increase in resistance shows that
the emulsions become more stable with the addition of water. This result is consistent with the formation
of rigid ﬁlms on water–oil interfaces. The impedance measurements were applied to the analysis of the
demulsiﬁcation of the water-in-oil emulsions under an electrostatic ﬁeld.
 2011 Elsevier Ltd. Open access under the Elsevier OA license.1. Introduction
Oil is a complex mixture of hydrocarbons containing parafﬁns,
naphthenes, aromatics, unsaturated hydrocarbons, sulfur com-
pounds and large varieties of other compounds, such as thiols, sul-
ﬁdes, cyclic sulﬁdes, disulﬁdes, thiophenes, benzothiophenes,
dibenzothiophene and naftobenzothiofenos. Among others, com-
pounds containing oxygen might be present as alcohols, phenols,
ethers, carboxylic acids, esters, ketones, and furans. Nitrogen con-
taining compounds found in oil consist of compounds with the
main structures of pyrrole, indole, carbazona, benzocarbazona,
pyridine, quinoline, indoline and benzoquinolines and their metal-
lic constituents. All of the compounds mentioned that consist of
hydrocarbons, oxygen containing compounds and nitrogen con-
taining compounds, including their metallic constituents, are
found in petroleum [1–3].
In the petroleum industry, it is common tomeasure the physico-
chemical properties of petroleum because of the difﬁculty in deter-
mining its compounds. Petroleumclassiﬁcation is needed due to the
commercial interest involved and for reﬁning procedure planning
[4–7].lsevier OA license. 
: +55 27 33352460.
reitas).Oil is extracted with a high concentration of water during the
process of offshore production. The free water can be separated
easily by gravity. After this initial step, a water-in-oil emulsion
(w/o) is formed during transport within the ducts. There are many
techniques to remove emulsiﬁed water, such as the adjustment of
pH, ﬁltration, heat treatment, addition of a demulsiﬁer and electro-
static treatment [2,3]. The petroleum industry needs to use tech-
niques that help in oil production planning. Electrochemical
impedance spectroscopy (EIS) techniques can be used in situ with-
out having to remove aliquots for analysis. In addition, they have
low associated costs and can be easily implemented. The EIS tech-
nique is versatile because it can be applied in a dielectric medium
with high electrical resistance, as in crude oil and water-in-oil
emulsions. EIS is the study of interfaces and systems through the
application of a sinusoidal electric potential with a variable fre-
quency. This electrical potential induces a sinusoidal current,
phase angle, and changes of the current in relation to the applied
potential. Utilizing the potential in this method allows the system
to be disturbed by only a few millivolts, facilitating the investiga-
tion of phenomena near the stationary state. Additionally, it is pos-
sible to disturb the system using different frequency values
because the potential wave is sinusoidal. The electrochemical sys-
tem is modeled in agreement with an equivalent resistor/capaci-
tor/inductor circuit. In the Nyquist diagram and at medium
frequencies, the resistance of petroleum is represented by RO.
Table 1
Petroleum characterization.
Petroleum characterization Result
BSW (% v/v) 8.9
Salt content (mg L1) 12.815
Sulphur content (% w/w) 0.61126
Number of total acidity (mg KOH g1) 3.0101
Oil density at 20/4 C (g cm3) 0.9845
API gravity at 60 F 16.2
Viscosity at 40 C (cSt) 818.086
Viscosity at 50 C (cSt) 398.411
Pour point (C) 18.0
N. Perini et al. / Fuel 91 (2012) 224–228 225The capacitive element in a circuit represents a delay between the
current and the potential. The capacitance dispersions are repre-
sented by the constant phase element (CPE). The CPE is related
to the irregular metallic electrodeposit. The presence of the induc-
tive element (L) in the electrochemical system represents an ad-
vance of the current in relation to the potential. The inductive
behavior is visualized in the Nyquist diagrams as imaginary imped-
ances below the x-axis in the fourth quadrant and in Bode dia-
grams as a positive variation of the phase angle. In the systems
that present the effects of mass transfer, an element denominated
‘‘Warburg impedance’’ is added to simulate the characteristics of
the experimental system. Many processes experience linear and
spherical diffusion or forced convection. A semi-circle aspect was
ﬁrst observed in the Nyquist plot, followed by a straight line whose
tangent to the real axis is 45, which is characteristic of the War-
burg diffusion process. In this context, a large group of factors
can inﬂuence the impedance of the system, including the reaction
and diffusion processes, and the adsorption of species. The imped-
ance spectrum displays features that can be directly related to the
properties of oil and water-in-oil emulsions, even when these sys-
tems have different relaxation times. In this case, the Nyquist plot
can be visualized as two semi-circles due to the oil and water-in-
oil emulsions.
The objective of this paper is to characterize the contents of
petroleum and water-in-oil emulsions at different stages of the
petroleum reﬁning production process using the technique of elec-
trochemical impedance spectroscopy.2. Experimental
2.1. Petroleum characterization
A sample of offshore oil from Espírito Santo, Brazil, was collected
in 2009 and used for the studies performed in this paper. The oil
samples were collected from ducts in 2-L ﬂasks and were trans-
ported to the laboratory where they were processed within one
hour of arrival. The American Society for Testing and Materials
(ASTM) standard practice (D 5854) [8] was followed for all of the
procedures using one aliquot of the collected crude oil. In the oil
characterization process, the free water was ﬁrst separated by
decanting for an hour. After the free water separation, a Bottom
Sediment Water (BSW) analysis (D 4007-08) [9] was performed
to determine the content of the water-in-oil emulsion. This emul-
sioned oil was dehydrated with the addition of 200 mL of the con-
centrated demulsiﬁer at 60 C and centrifuged at 1600 rpm for
15 min. This process was developed at LabPetro/UFES. This oil is
denominated as ‘‘dehydrated oil’’. After demulsiﬁcation, the BSW
was again determined to verify that the water content and sedi-
ment was lower than 0.5% v/v.
The physico-chemical properties of dehydrated oil, such as den-
sity (ASTM D 5002-99), API degree (ASTM D 1298-99) [10], total
acid numbers (D 664-09) [11], and Cinemátic viscosity (D 7042-
04) [12], were measured according to the standard ASTM methods.
The density and viscosity were determined by injecting a sample
into the digital automatic analyzer Stabinger SVM 3000 Anton
Paar. The salt content was determined by extracting the salts using
a mixed solvent and water. The subsequent analysis of the aqueous
phase by potentiometric titration measured NaCl [13], which is ex-
pressed as a (w/w) percentage. Sulfur content was determined
according to the standard test methods for sulfur in petroleum
and petroleum products by energy dispersive X-ray ﬂuorescence
spectrometry (Standard D 4294-08). A petroleum sample with an
API degree of 16.2 is classiﬁed as heavy oil. Heavy oils are com-
posed mostly of asphaltenes and resins; therefore, they have highviscosities. A dehydrated oil sample also has high salt content, total
acidity number and sulfur content results, as seen in Table 1.2.2. Preparation of the water-in-oil emulsions (w/o)
One fraction of the same crude oil, with BSW equal to 8.9% v/v,
wasused toprepare emulsionsby adding freewater. Emulsionswith
total percentages of 25%, 35% and 45% v/v were obtained. The free
water was a combination of the injection water and the formation
water andwasobtainedby the separationof the crudeoil by theden-
sity difference. The pH, conductivity, and chloride concentration
were equal to 5.78, 1.67 S m1, 147.8 g L1, respectively.
The oil and water were emulsiﬁed with the aid of a mechanical
stirrer, an Ultra–Turrax model T-25, at 9500 rpm for 120 s. The
samples were then shaken vigorously and poured into a decanting
funnel. The sample rested for 24 h to conﬁrm the stability of the
emulsion.2.3. Electrochemical measurements
A cell with two identical rectangular electrodes of platinum
with a purity of 99.99% w/w and a distance between electrodes
of 0.5 cm was used in the electrochemical measurements. The
dimensions of the platinum electrode were as follows: length of
2.00 cm, width of 1.75 cm, thickness of 0.2 cm, and a total surface
area of 3.5 cm2. The cell has a volume of approximately 10 cm3. The
reference electrode (pseudo-reference) was connected in short
with the counter electrode. An electrochemical system with two
electrodes was chosen because of the high impedance of oil. Simi-
lar conditions are used in the analysis of ceramics and polymers.
For the measurements of electrochemical impedance spectros-
copy, the system under study must obey the principles of linearity,
stationarity, and causality and be validated by Kramers and Kronig
transformations. The potential and current versus time are mea-
sured until reaching stationary values. The time to obtain the sta-
tionary potential and current for each oil sample in the steady state
of the system was 3600 s. EIS was performed in the frequency
range of between 10 kHz and 10 mHz with a logarithmic distribu-
tion, measuring ten points per decade, with an amplitude of 10 mV
DC.
To analyze the process of destabilization of emulsions under the
inﬂuence of an electric ﬁeld, a voltage source was utilized. The
potentiostatic step consisted of applying a square wave amplitude
of 20 V with a frequency of 5.5 mHz for 24 h.
The water-in-oil emulsions before and after application of the
potential pulse were characterized by EIS to evaluate their stabil-
ity. The Faraday cage was used to minimize background noise,
and the experiments were performed at a temperature of
25.0 ± 0.1 C. We used a potentiostat/galvanostat model Autolab
PGSTAT 100 ECHO CHIMIE with an ECD module for low currents
(on the order of pA).
100 101 102 103 104
106
107
108
109
1010
Frequency (Hz)
|Ζ|
 (O
hm
)
0
20
40
60
80
100
 - 
Ph
as
e 
An
gl
e 
(D
eg
re
es
)
(A) 
0,0 5,0x108 1,0x109 1,5x109 2,0x109 2,5x109 3,0x109
0,0
5,0x108
1,0x109
1,5x109
2,0x109
2,5x109
3,0x109
-Z
'' (
O
hm
)
Z' (Ohm)
11Hz
10kHz
1.0Hz
10mHz
(B) 
Fig. 1. (A) Bode diagram for the system to Pt/Oil, dehydrated, (B) Nyquist diagram
for the system Pt/Oil, dehydrated, frequency interval between 10.0 kHz and
10 mHz, and the equivalent used to ﬁtting the curve. Where CPEO and RO
correspond to the resistance and constant phase element of the petroleum.
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Fig. 2. (A) Bode diagrams for the water-in-oil emulsions in various proportions of
water, (B) Nyquist diagram for the water-in-oil emulsions in various proportions,
and the equivalent used to ﬁtting the curve.
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3.1. Characterization of dehydrated oil by EIS
The Bode diagram (Fig. 1A) represents the variations of the
phase angle and impedance modulus logarithm as a function of
the frequency for the dehydrated oil. The variation of the phase an-
gle from 90 to 0 in the phase angle plot and an angular coefﬁ-
cient equal to 0.9998 in the impedance modulus logarithm as a
function of the frequency are characteristics of a capacitor. Extrap-
olation to the range of low frequencies gives the value for bulk
resistance, RO. The Nyquist diagram (Fig. 1B) for the dehydrated
oil presented only one semi-circle at a frequency interval of be-
tween 10.0 kHz and 1.0 mHz. The presence of a semi-circle indi-
cates that there is a homogeneous distribution of time constants
in the frequency range investigated. For the frequency interval be-
tween 1.0 Hz and 10.0 mHz, dispersion occurs due to the uneven
distribution of time constants. Therefore, the dehydrated oil was
analyzed by EIS using a frequency interval between 10.0 kHz and
1.0 Hz after the state steady condition had been obtained.
The proposal of equivalent electrical circuits for the dehydrated
oil is based on observations obtained from the Nyquist and Bode
diagrams [14–17]. The circuit consists of a parallel resistor to the
capacitor, as seen in Fig. 1B highlights.
Using FRA2 AUTOLAB, the non-linear regression partial least
squares program had an error less than 1% for the adjustment of
parallel elements RO and CO, and the chi-squared had a magnitude
of 104.
Heterogeneous non-aqueous media of low conductivity, such as
heavy oil, has a considerable amount of resin and asphaltene. Resin
and asphaltene are clustered in the bulk of oil in the form of col-
loids. These colloids hinder the mobility of the charge carriers.These and other compounds present in oil can contribute to the
purely capacitive response in the bulk of petroleum at high fre-
quencies. In the frequency range between 10 Hz and 1.0 Hz, the
resistive behavior is related to the ionic and polar compounds.
The value of RO, CO, and the time constant are 2.97 GOhm, 4.01
pF, and 12 ms, respectively. RO can be used to calculate the conduc-
tivity of the oil.
The oil conductivity can be calculated according to the follow-
ing equation.
d ¼ l
ROS
ð1Þ
where d is the oil conductivity, l is the distance between the elec-
trodes, RO is the resistance of bulk volume, and S is the surface area
of the electrode. Thus, the conductivity value of dehydrated petro-
leum was calculated to be 486 nS m1.
3.2. Characterization of the water-in-oil (w/o) emulsions by EIS
Fig. 2A represents the Bode diagram for the water-in-oil emul-
sions with different water contents. In the Bode diagram, the phase
angle shows characteristics of the constant phase element. The
presence of a constant phase element (CPE) in an electric circuit
is due to the deviation from the ideal capacitor attributed to the
inhomogeneity of the substrate surface. The impedance modulus
logarithm as a function of the frequency logarithm for frequencies
below 1.0 Hz veriﬁed an increase in the resistive impedance of the
water–oil emulsion with an increase in the percentage of water
added. With EIS, it is possible to analyze the oil and water-in-oil
emulsion system based on relaxation frequencies. In Fig. 2B, two
semi-circles, indicating two different relaxation processes, are
illustrated. The Nyquist diagram (Fig. 2B) can be separated into
Table 2
Values of the equivalent circuit for petroleum and water-in-oil emulsion.
Emulsion (% v/v) RO (MOhm) CPEO RW/O (MOhm) CPEW/O
QO (1011 Ohm1 cm2 sn) nO CO (pF) s (ms) QW/O (1011 Ohm1 cm2 sn) nW/O CW/O (pF) s (ms)
8.9 143 6.08 0.88 31.8 4.5 53.0 893 0.76 7050 373
25 252 5.62 0.98 51.5 12.0 186 410 0.73 3710 690
35 473 2.59 0.99 24.8 12.0 350 167 0.74 1380 483
45 673 – 1.00 8.80 5.9 429 123 0.70 935 401
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Fig. 3. Nyquist diagrams for emulsions, before and after treatment with the
electrostatic ﬁeld for the following samples: 35% v/v w/o.
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nomena: a very high frequency region (10 kHz–1.0 Hz) and a med-
ium frequency region (1.0 Hz–10 mHz).
The high frequency region (10 kHz–1.0 Hz) impedance response
is composed of one semi-circle feature. The ﬁrst semi-circle is
formed on nearby 1.0 Hz frequencies, just as it occurred in dehy-
drated petroleum (Fig. 1B). Therefore, it is associated with the
petroleum phase. The equivalent circuit proposed (Fig. 2B high-
lights) for oil is a resistor and a capacitor (ROCO) in parallel with
a relaxation time between 4.5 and 12 ms. In the medium frequency
region (1.0 Hz–10.0 mHz), the impedance feature is represented by
a depressed capacitive semicircle. The second semi-circle, found at
frequencies lower than 1.0 Hz, is associated with the water-in-oil
emulsion. The equivalent circuit proposed (Fig. 2B highlights) is
formed by a parallel combination of a resistor and a constant phase
element (CPE), due to the deviation from the behavior of an ideal
capacitor. The time constants calculated for the second semi-circle
that corresponds to the water-in-oil emulsion phase is between
373 and 690 ms. These results are in agreement with the literature
[16,18]. The adjustment made for the proposed circuit for the
emulsions showed good agreement, with errors near 0.5% and a
chi-squared value of approximately 105. The values of these cir-
cuit elements are presented in Table 2. When a constant phase ele-
ment CPE is present in an electric circuit, the calculation for
obtaining the capacitance value is made from the following
equation.
C ¼ ðQRn1Þ1=n ð2Þ
where C is the capacitance, Q is the constant phase element and
n = 1 for ideal capacitor.
The results in Table 2 show that the resistance of oil (RO) and
water-in-oil (RW/O) emulsions increase with the increasing
amount of water in the preparation. The increase in resistance
shows that the emulsions become more stable with the addition
of water. The impedance measurements can be correlated with
the stability of water-in-oil emulsions from the macroscopic
properties of the system, such as resistance, capacitance and
dielectric constant. The accumulation of asphaltenes with some
resins and the presence of solid particles produces a mechani-
cally strong, rigid, viscoelastic stagnant ﬁlm that stabilizes the
water-in-oil emulsion, preventing droplet coalescence. Many
authors attribute emulsion stability to the viscoelastic interfacial
ﬁlm [19,20]. By the addition of water into the oil, the ionic and
polar compounds diffuse from the oil to the water phase,
decreasing its concentration in the oil. The decrease in ionic
and polar compounds in the oil causes an increase in RO. The
resistance RW/O increases with the amount of water in the
water-in-oil emulsion. We expected that RW/O would decrease
because the polar and ionic compounds are more soluble in
water than in oil. However, this behavior was not found. In this
case, the dominant parameter is not the concentration of polar
and ionic compounds but the ionic mobility. These data clearly
show that the formation of a more rigid structure prevents the
ionic mobility. The relationship between resistance, concentra-
tion and mobility is given below:R ¼ l
Ak
¼ l
AF
Pj
izCl
ð3Þ
where k is the conductivity, F is the Faraday constant, l is the ionic
mobility of the compound, z is charge of the compound, and C is the
concentration of the compound.
Another important property is the capacitance.
C ¼ eA
l
ð4Þ
where e is the dielectric constant, A is the area and l is the length.
CW/O is always larger than CO because there is a charge separa-
tion in the water-in-oil interface that consequently increases the
dielectric constant (e). CW/O decreases when increasing the amount
of water in the water-in-oil emulsion. This demonstrates that the
structure of the system formed by the water-in-oil emulsion is
more organized. Therefore, the dielectric constant decreases, and
the A/l ratio varies very little. This result is consistent with the for-
mation of rigid ﬁlms on water–oil interfaces.3.3. EIS for the monitoring of the rupture of water-in-oil emulsion
EIS was also applied in the process of destabilizing water–oil
emulsions by using demulsiﬁcation (Fig. 1B) and an electrostatic
treatment. In the electrostatic process, water-in-oil emulsions with
35% v/v of water were treated with a pulsed potential of ±20.0 V a
frequency of 5.5 mHz over 24 h.
Fig. 3 shows the Nyquist diagrams for samples of emulsion be-
fore and after electrostatic treatment. In the Nyquist diagram, it
appears that before treatment the sample had two semi-circles,
but after electrostatic treatment, only one semi-circle is present.
This can be attributed to oil that was not emulsiﬁed. This result
is in agreement with Fig. 1B in which the dehydrated oil has only
one time constant.
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EIS can be used in situ and is not necessary prior to the prepara-
tion of the samples. EIS has proven to be suitable for the character-
ization of crude oil and water-in-oil emulsions. Nyquist spectra for
dehydrated oils are formed in one semi-circle. The equivalent circuit
for the dehydrated oil is RO and CO in parallel. Thus, itwas possible to
obtain the electrochemical parameters of oil, such as resistance and
conductivity. The conductivitywas associatedwith the presencepo-
lar and ionic compounds in the petroleum. Nyquist diagrams for the
system composed of petroleum and water-in-oil emulsions were
characterized by the formation of two semi-circles with different
relaxation times between 4.5 and 12 ms for oil and between 373
and 690 ms for water-in-oil emulsions. The equivalent circuit is
formed by RO and CPEO in parallel and in series with RW/O and
CPEW/O,whereROCPEO represents theoil, andRW/OCPEW/O represents
the water-in-oil emulsions. The resistance of oil (RO) and water-in-
oil (RW/O) emulsions increase with the increasing amount of water
in the preparation. The increase in resistance shows that the emul-
sions become more stable with the addition of water. This result is
consistent with the formation of rigid ﬁlms on water–oil interfaces.
The impedance measurements were applied to the analysis of the
electrostatic demulsiﬁcation of water-in-oil emulsion containing
35% v/v of water. After treatment, the electrostatic data obtained
from theNyquist diagram revealed that only a semi-circle is charac-
teristic of dehydrated oil.
Acknowledgments
The authors acknowledge PETROBRAS and CAPES for their
ﬁnancial support.
References
[1] Speight JG. The chemistry and technology of petroleum. 3rd ed. New
York: Marcel Decker; 1999.[2] Speight JG. Handbook of petroleum analysis. 1st ed. New York: Wiley-
Interscience; 2001.
[3] Mccain WD. The properties of petroleum ﬂuids. 2nd ed. Oklahoma: Pennwell
Publishing Company; 1990.
[4] Özdogan S, Yücel HG. Correlations towards prediction of petroleum fraction
viscosities: an empirical approach. Fuel 2001;80:447–9.
[5] Aboul-Seoud A, Moharam HM. A generalized viscosity correlation for
undeﬁned petroleum fractions. Chem Eng J 1999;72:253–6.
[6] Riazi MR, Al-Otaibi GN. Estimation of viscosity of liquid hydrocarbon systems.
Fuel 2001;80:27–32.
[7] Evdokimov IG, Eliseev NY, Akhmetov BR. Initial stages of asphaltene
aggregation in dilute crude oil solutions: studies of viscosity and NMR
relaxation. Fuel 2003;82:817–23.
[8] ASTM Standard D 5894-05. Standard practice for mixing and handling of liquid
of petroleum and petroleum products.
[9] ASTM D4007-08. Standard test method for water and sediment in crude oil by
the centrifuge method.
[10] ASTM D1298-99. Standard test method for density and relative density
(speciﬁc gravity).
[11] ASTM D664-09. Standard test method for acid number of petroleum products
by potentiometric titration.
[12] ASTM D7042-04. Standard test method for dynamic viscosity and density of
liquids by Stabinger viscometer (and the calculation of kinematic viscosity).
[13] ASTM D6470-99. Standard test method for salt in crude oils (potentiometric
method).
[14] Bearchell CA, Edgar JA, Heyes DM, Taylor SE. Dielectric spectroscopic and
molecular simulation evidence for aggregation of surfactant-stabilized
calcium carbonate nanocolloids in organic media. J Colloid Interface Sci
1999;210:231–40.
[15] Kornbrekke RE, Morrison ID, Ojag T. Electrophoretic mobility measurements in
low conductivity media. Langmuir 1992;8:1211–7.
[16] Lvovich VF, Smiechowski MF. Impedance characterization of industrial
lubricants. Electrochim Acta 2006;51:1487–96.
[17] MacDonald JR. Impedance spectroscopy theory, experiment, and applications.
2nd ed. New Jersey: John Wiley & Sons; 2005.
[18] Smiechowski MF, Lvovich VF. Characterization of non-aqueous dispersions of
carbon black nanoparticles by electrochemical impedance spectroscopy. J
Electroanal Chem 2005;577:67–78.
[19] Kilpatric PK, Sullivan AP. The effects of inorganic particles on water and crude
oil emulsion stability. Ind Eng Chem Res 2002;41:3389–404.
[20] Czarnecki J, Moran K. On the stabilization mechanism of water-in-oil
emulsions in petroleum system. Energy Fuels 2005;19:2074–9.
